We present three-dimensional fully differential cross sections for single ionization of helium by ion impact at very small and very large perturbations. Clear signatures of the projectile -target nucleus interaction are identified, which manifests itself, however, through qualitatively different features in the cross sections depending on the perturbation.
Two experiments were performed for 3.6 MeV/amu Au 53+ and 100 MeV/amu C 6+ projectiles. The beams collided with He-atoms from a supersonic gas jet. The projectiles which did not change charge state were selected by a switching magnet and detected by a scintillator. The recoil ions and the ionized electrons were extracted in the longitudinal direction (defined by the initial projectile direction) by a weak electric field and detected by two-dimensional position-sensitive channel plate detectors. The electron detector was set in coincidence with both the projectile and the recoil ion detectors. A uniform magnetic field of 17 G (20 G for the Au 53+ ) confined the transverse motion of the electrons so that all electrons with a transverse momentum of less than 3.0 a.u. (3.5 a.u. for Au 53+ ) were guided onto the detector. The transverse momenta of the electrons and the recoil ions were calculated from their position on the respective detector and their longitudinal momentum components were determined from the time of flight. The momentum vector of the scattered projectile was deduced from momentum conservation.
In Fig. 1 we show the measured (top) and calculated (bottom) three-dimensional images of the FDCS (differential in the solid angle of the ejected electron and the scattered projectile and in electron energy) for 100 MeV/amu C 6+ + He reported in reference [1] .
Here, the electron energy E e is 6.5 eV and the momentum transfer q is 0.75 a.u. The calculation shows the characteristic double lobe structure familiar from electron impact studies. The large peak in the direction of q is called the binary peak and the smaller peak in the direction of -q is called the recoil peak. In the experimental data, only the binary peak is observed. However, instead of a recoil peak, we find a "recoil ring" centered at the initial projectile beam axis. As a possible explanation for this ring-shape, we offered the following two-step mechanism: in the first step the projectile kicks the electron which thereby gets ionized. In the second step, the projectile elastically scatters off the residual target ion, which leads to a rotation of the scattering plane. As a result, the electron is ejected out of the scattering plane leading to a filling of the pronounced minimum which sharply separates the recoil peak from the binary peak in the calculation. At a much smaller projectile energy, such a filling of the minimum was also found in a CDW-EIS calculation if the projectile -target nucleus interaction is included [21] .
If this explanation is indeed correct, one might expect that effects due to the projectiletarget nucleus interaction show up even more sensitively in differential cross sections as a function of recoil ion and projectile parameters. The projectile -electron interaction is manifested in double differential cross sections as a function of the electron energy and the transverse component of the momentum transfer q ⊥ . There, a ridge of enhanced intensity (known as the Bethe ridge) extending along a line for which p e = q ⊥ is observed [19] , where p e is the electron momentum. In order to study the role of the projectile -target nucleus interaction in more detail, we analyzed the equivalent cross sections, i.e. those differential in the transverse recoil ion momentum p r⊥ and in q ⊥ . These cross sections are shown in For the case that the electron is emitted into the scattering plane, two contributions can be identified in these cross sections. The first one is centered about a line for which p r⊥ is approximately a factor of 5 smaller than q ⊥ . Because of momentum conservation, this implies that here the electron is emitted nearly in the direction of q, i.e. this contribution can be associated with the binary peak. The second contribution is centered about a line for which p r⊥ is roughly a factor of 3 larger than q ⊥ . Here, the electron can be emitted in any direction relative to q. However, an emission in the direction of q would require an electron momentum much larger than q, for which the cross section is small. Therefore, for the C 6+ projectiles this contribution is dominated by the recoil ring. For the Au 53+ projectiles, the peak in the forward direction which we reported earlier [20] may also strongly contribute.
If the electron is emitted into the perpendicular plane, p r⊥ has to be larger than or equal to q ⊥ because q is the vector sum of the electron and recoil ion momenta. Therefore, the spectra for the perpendicular plane do not contain any data in the triangle below the diagonal. Near the diagonal, we observe a clear ridge of enhanced intensity, to which we refer in the following as the "recoil ridge", similar to the Bethe ridge for the electrons. For electrons emitted into the scattering plane, the recoil ridge is completely (C 6+ projectiles) or nearly completely (Au 53+ projectiles) absent.
The data in Fig. 2 provide at least a partial confirmation of our explanation for the observation of a "recoil ring" (rather than a recoil peak) in the three-dimensional FDCS:
indeed, for ionization into the perpendicular plane processes involving the projectile targetnucleus interaction are of paramount importance. However, it is not immediately clear from those data whether such processes can in fact explain the ring shape or whether they merely affect the overall magnitude of the cross sections in the perpendicular plane. In order to address this question, we analyzed the three-dimensional FDCS with the additional condition that p r⊥ is not within q ⊥ ± 30%. These cross sections are shown for the C 6+ projectiles for the same kinematic conditions as in Fig. 1 (top) and for the Au 53+ projectiles
for E e = 20 eV and q = 1.0 a.u. (bottom) in Fig. 3 . 1 For comparison, we also show on the right the corresponding data without the additional anti-condition on p r⊥ .
From Fig. 3 it can be seen that the anti-condition on p r⊥ has two pronounced effects on the three-dimensional FDCS. For the C 6+ projectiles, it leads to a minimum near the perpendicular plane, separating the recoil peak (it no longer looks like a recoil ring) from the binary peak. As a result, the three-dimensional FDCS with the anti-condition resemble much more the shape one would expect from the first Born approximation. For the Au 53+ projectiles, the anti-condition completely removes the peak in the direction of p o which is observed without the anti-condition. These data demonstrate that the two-step mechanism involving the projectile -target nucleus interaction is indeed responsible for the ring-like shape of the recoil peak, as we speculated earlier [1] . Furthermore, the data show that this ring-like shape observed at small perturbation and the peak in the direction of p o observed at large perturbation both can be traced to the projectile -target nucleus interaction.
At first glance, it may appear surprising that the projectile -target nucleus interaction manifests itself in very different ways depending on the perturbation. This can be understood in terms of the post-collision interaction (PCI) between the outgoing projectile and the ionized electron. The importance of this interaction at large perturbation, leading to an enhanced electron emission in the forward direction, is well established [22] [23] [24] . So far, PCI has been discussed as a second order effect in the projectile -target electron 1 It should be noted that setting an additional condition on an already fully differential cross section leads to an over-determination of the kinematics, i.e. the effects due to the anti-condition in Fig. 3 are kinematically enforced. The actual new information is contained in Fig.2 . and we show Fig. 3 merely to make it easier for interaction. The present data for the Au 53+ show that the peak structure in the direction of p o is due to a combination of a higher-order projectile -target electron interaction and the projectile -target nucleus interaction. At small perturbation, in contrast, where PCI is known to be insignificant, the projectile -target nucleus interaction leads to a ring-like shape of the recoil peak instead of a separate peak in the direction of p o .
It should be noted that effects due to the PCI in cross sections integrated over all projectile parameters are often well reproduced by calculations which do not include the projectile -target nucleus interaction [25] . However, the present data clearly show that such calculations right from the onset cannot correctly describe PCI effects in fully differential cross sections, like the peak in the forward direction which we observe for the Au 53+ projectiles. Since here the electron momentum only has a longitudinal component, the (non-zero) transverse momentum transfer must be completely balanced by the recoil ion. Without the projectile -target nucleus interaction it may therefore be possible to correctly describe the forward emission of the ionized electrons in cross sections integrated over all q, but it is impossible to calculate q and therefore fully differential cross sections correctly.
It is somewhat surprising that a second order effect involving the projectile -target nucleus interaction is observable at a perturbation as small as 0.1. The reason is that this process contributes very selectively for restricted kinematics to the ionization cross sections. For example, the anti-condition on p r⊥ set on the FDCS in Fig. 3 does not affect the cross sections in the scattering plane nearly as much as in the perpendicular plane.
the reader to comprehend the relation between the recoil ridge in Fig. 2 and the features observed in the fully differential cross sections.
Successive integration over various parameters therefore continuously reduces the relative importance of this process. Already in the doubly differential cross sections in the transverse recoil ion and projectile momenta (without any condition on the electron emission plane) effects due to the projectile -target nucleus interaction are no longer observable. Our data are therefore consistent with the general assumption that higher order effects are weak at small perturbation.
It should also be noted that the projectile -target nucleus interaction for the Au 53+ projectiles is much more important relative to the C 6+ projectiles than suggested by Fig. 3 .
For large perturbations the peak in the forward direction increases steeply with decreasing q while the shape of the recoil peak at small perturbations seems to be much less sensitive to q. Furthermore, at large perturbation we do, but at small perturbation we do not observe the recoil ridge in the doubly differential cross sections without any condition on the electron emission plane.
In summary, we have extended our studies of three-dimensional fully differential cross sections for single ionization of helium by ion impact. We found clear signatures of the projectile -target nucleus interaction. We demonstrated that qualitatively different features for very small and very large perturbations observed and discussed earlier can be traced to this interaction and are thus closely related. So far, no published theoretical model has been able to reproduce these features and new approaches may be required. On the experimental side a chapter which appeared to be closed already, single ionization of helium by electron impact, should be re-opened. Measurements of three-dimensional fully differential cross sections for ionization in electron -helium collisions are important in order to study whether the features we observed are characteristic to ion -atom collisions. MeV/amu Au 53+ + He (bottom). In each case these cross sections are shown for the condition that the electron is emitted into the scattering plane (left) and into the plane perpendicular to q (right). 
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